We investigated the extent of, and basis for, abnormalities in the flicker electroretinogram (ERG) of the cone system of patients with X-linked retinoschisis (XLRS), a form of hereditary vitreoretinal degeneration. ERGs were recorded from six patients with XLRS and from six visually normal subjects using high-contrast sinusoidal flicker that ranged in temporal frequency from 8 to 96 Hz, and that was presented against a rod-desensitizing adapting field. Compared to the control subjects, the patients with XLRS showed a significant reduction in the amplitude of the ERG response fundamental at temporal frequencies of 32 Hz and higher. In addition, their response phases were at or below the lower limits of normal (representing a phase lag) for temporal frequencies greater than 8 Hz. The higher harmonics of the patients' ERG responses to a low frequency stimulus were attenuated over the same temporal frequency range as was the response fundamental. This finding indicates that a major component of the abnormal temporal filtering responsible for the ERG abnormalities in XLRS occurs beyond the level of the early retinal nonlinearity that generates the harmonic components of the ERG response, and therefore is most likely postreceptoral in origin. Consistent with this interpretation, the ERG waveforms of the XLRS patients showed a significant attenuation of the ON-response component, with a normal OFF response. The overall pattern of results suggests that the marked reduction of ERG response amplitudes and the phase lag at the higher temporal frequencies in XLRS stem, at least in part, from a predominant attenuation of the ON-bipolar cell contribution to the flicker ERG.
Introduction
X-linked juvenile retinoschisis (XLRS) is a bilateral, recessively inherited vitreoretinal degeneration that is one of the more frequent causes of juvenile-onset macular degeneration (for a recent review, see The Retinoschisis Consortium, 1998). XLRS is characterized by a schisis or intraretinal splitting within the macula, and, in approximately 50% of patients, in the peripheral retina, as well. Histologic studies have shown that the intraretinal splitting occurs at the level of the nerve fiber and ganglion cell layers of the retina (Yanoff, Rahn & Zimmerman, 1968; Manschot, 1972; Condon, Brownstein, Wang, Kearns & Ewing, 1986) . There can also be degeneration of the rod and cone photoreceptor cells in XLRS patients and secondarily, atrophic-appearing changes within the retinal pigment epithelium (Condon et al., 1986) . Based on the histopathologic findings, it has been hypothesized that defective, degenerating Mü ller cells are the primary source of the schisis and other fundus changes observed in XLRS patients (e.g. Condon et al., 1986) .
Recently, a substantial number of mutations in the XLRS1 gene have been identified in patients with XLRS (Sauer, Gehrig, Warneke-Wittstock, Marquardt, Ewing, Gibson et al., 1997; The Retinoschisis Consortium, 1998) . This gene encodes a protein with a discoidin domain, and is presumed to be involved in cell-cell interactions. Of interest, it has been reported recently that the XLRS1 gene is expressed in rod and cone photoreceptor cells but not in Mü ller cells (Reid, Sampath & Farber, 1999; Trump, Grayson, Sowden, Ellis, Bobrow & Yates, 1999) , so that the exact relationship between the genetic defect and the observed histopathologic changes has yet to be defined.
Functionally, patients with XLRS can have an abnormal flicker electroretinogram (ERG) response of the cone system, when measured at the standard clinical temporal frequency of approximately 30 Hz (Kellner, Brü mmer, Foerster & Wessing, 1990; Kellner & Foerster, 1993; Khan, Felius, Jamison, Arnold & Sieving, 1999) . The abnormal 30-Hz flicker responses have been characterized as having a reduced peak-to-trough amplitude (Kellner et al., 1990; Kellner & Foerster, 1993) and as having a reduced response amplitude and phase lag at the stimulus fundamental frequency (Khan et al., 1999) . However, not all XLRS patients show such a response deficit (Kellner et al., 1990; Falsini, Iarossi, Porciatti, Merendino, Fadda, Cermola et al., 1994) . Furthermore, the extent of possible ERG abnormalities at other temporal frequencies has not been investigated.
It has also been noted that the full-field ERG response to a brief flash has a 'negative' shape in XLRS patients, such that the a-wave has a normal or nearnormal amplitude, but the b-wave amplitude is reduced substantially (e.g. Hirose, Wolf & Hara, 1977; Peachey, Fishman, Derlacki & Brigell, 1987; Kellner et al., 1990) . Such a reduced b-/a-wave ratio has been observed for both rod and cone systems, and it can be seen in both the focal ERG (FERG) from the macular region and in the full-field ERG in XLRS patients who have only a foveal schisis (Miyake, Shiroyama, Ota & Horiguchi, 1993) .
The selective b-wave reduction in XLRS has been thought to result from a generalized dysfunction of Mü ller cells (e.g. Peachey et al., 1987; Kellner et al., 1990) , consistent with the observed histopathology, under the conventional assumption that the b-wave is generated primarily by Mü ller cells in response to bipolar cell activity. However, recent evidence indicates that Mü ller cells make little direct contribution to the bwave (Karwoski & Xu, 1999) , which casts doubt on this interpretation. Alternatively, it is possible that the selectively reduced cone b-wave response in XLRS patients represents an abnormal response of the cone system to light onset, as has been observed in other forms of retinal disease in which there is a selective b-wave reduction to brief flashes. Such retinal disorders include congenital stationary night blindness (Miyake, Yagasaki, Horiguchi & Kawase, 1987) , melanoma-associated retinopathy (Alexander, Fishman, Peachey, Marchese & Tso, 1992) and cone or cone-rod dystrophy (Sieving, 1993) . When a long-duration flash has been used to separate the ERG response to light onset from the response to light offset in these disorders, it has been observed that there is a reduced b-wave response to light onset with relative preservation of the d-wave response to light offset, resulting in a reduced b-/dwave ratio.
Suggestive evidence for such a selective abnormality in the response to light onset in XLRS has been provided by Sieving (1993) , who reported that a patient with XLRS had a reduced b-/d-wave ratio. However, the amplitudes of the b-and d-waves of this patient were within normal limits, so it is not apparent how this finding might generalize to other XLRS patients. Furthermore, the possible relationship between such a selectively reduced response to light onset and the abnormal flicker ERG response in XLRS has not been established.
In the present study, we sought to determine more completely the nature and extent of temporal frequency abnormalities in the ERGs of patients with XLRS. First, we measured the ERG responses of the cone system at stimulus temporal frequencies ranging from 8 to 96 Hz. In contrast to previous studies that used pulsed stimuli containing a number of frequency components (e.g. Kellner et al., 1990; Khan et al., 1999) , we employed a sinusoidal stimulus. Second, we evaluated the probable retinal locus of temporal frequency deficits in the ERG by analyzing the properties of the nonlinear harmonic components of the ERG responses obtained at a low stimulus frequency. The logic of this approach is described more fully in Section 3.3. Third, we investigated whether the XLRS patients had a selective abnormality in their ERG responses to light onset and whether this might have contributed to their abnormal flicker ERGs. To assess this possibility, we examined the amplitudes of the components of the ERG waveform that corresponded to the rising and falling portions of the sinusoidal stimulus.
Methods

Subjects
Six male patients with XLRS participated in the study. Their characteristics are summarized in Table 1 . All patients had normal intraocular pressures with the exception of patient 2, who was on topical medication for increased intraocular pressure but who had no glaucomatous field loss. We also tested two female obligate carriers of XLRS, one of whom was the mother of patient 1. The ERG results from the XLRS patients and carriers were compared with those of six control subjects (two men and four women) with normal vision, whose ages ranged from 24 to 38 years. These control subjects had best-corrected Snellen visual acuities of 20/20 or better in the tested eye, clear ocular media, and normal-appearing fundi on ophthalmologic examination. Appropriate institutional review board approval was obtained, and all subjects gave informed consent before testing.
Apparatus
Stimuli were provided by two optical channels, each with a light source consisting of a 300 W tungsten-halogen bulb (housed within a Kodak Carousel projector), and each with infrared blocking filters. One channel provided a temporally modulated light; the other provided a rod-desensitizing steady adapting field. The light source for the temporally modulated channel was powered by a custom-built regulated DC power supply. The achromatic stimuli were presented within an Oriel integrating sphere, and the light from the two optical channels was combined with an Oriel 'y' fiber-optic light guide.
Temporal modulation of the test field was controlled by a Displaytech ferroelectric liquid crystal (FLC) shutter driven by a Displaytech DR-95 driver. The driver was controlled in turn by a Keithley DAS-801 signal processing board housed within a microcomputer. The FLC shutter was driven at a constant frequency of 1000 Hz and was pulse-width modulated under computer control, with the duty cycle controlled by a linearized lookup table. A Uniblitz shutter and driver in the second optical channel controlled the adapting field presentation.
Luminances were calibrated with a Minolta LS-110 photometer. The luminance of the adapting field was 17.4 cd/m 2 (2.9 log td, assuming an 8-mm pupil). The modulated stimulus had a maximum luminance of 393 cd/m 2 (4.3 log td) and a minimum luminance of 1.4 cd/m 2 (1.8 log td). In the absence of the adapting field, these luminances produced a modulation of 99%; against the adapting field, the modulation was 91.2%.
Procedure
The ERG was recorded by conventional methods. The subject's pupil was dilated with 2.5% phenylephrine hydrochloride and 1% tropicamide drops, and the cornea was anesthetized with proparacaine drops. The subject's head was held in position relative to the viewing port of the Oriel integrating sphere by a chinrest and forehead bar. Subjects were light-adapted to room illumination prior to testing, and were then adapted for 2 min to the rod-desensitizing adapting field. ERGs were recorded with a Burian-Allen bipolar contact lens electrode, grounded at the earlobe. ERGs were acquired with a Nicolet Viking IV signal averaging system that was triggered by a TTL signal generated by the DAS 801 board and synchronized with the stimulus cycle, which was in sine phase. Recordings were begun after the subjects had adapted to each waveform for approximately 30 s. For each condition, two 500-ms recordings were obtained to determine reproducibility. Each recording was the average of four sweeps. The two recordings were averaged offline, so that each waveform included in the analysis consisted of the average of eight 500-ms sweeps.
Fundamental response amplitudes were derived from power spectral densities, and phases were derived from a fast Fourier transform (FFT), using the Matlab Signal Processing Toolbox. The derived values at a particular frequency were considered to represent actual ERG responses if: (1) the amplitude derived from the power spectral density exceeded twice the noise amplitude (cf. Burns, Elsner & Kreitz, 1992) , which was approximately 0.1-0.3 mV (depending on the subject) at temporal frequencies above 30 Hz; and (2) the phases were consistent across the two averaged responses at each frequency.
Results
ERG frequency-response characteristics in XLRS patients
In the first part of the study, we examined the temporal frequency response characteristics of the ERGs of the XLRS patients in comparison to those of the control subjects. Fig. 1 illustrates the averaged ERG responses of a representative control subject and of a patient with XLRS, for a sinusoidal stimulus of a constant (maximal) contrast across the range of temporal frequencies. For the control subject, the largest response amplitude was obtained at 32 Hz, consistent with previous studies (Burns et al., 1992; Odom, Reits, Burgers & Riemslag, 1992) . The response to the sinusoidal stimulation was highly nonlinear at all but the highest frequency, as expected (Burns et al., 1992; Odom et al., 1992) . In particular, the responses of the control subject at the two lowest frequencies showed two peaks within each cycle, the significance of which will be considered in Section 3.3. For the patient with XLRS, the most striking finding was that the ERG amplitudes were markedly attenuated at the higher temporal frequencies. In addition, the responses at the lower temporal frequencies were abnormal in shape, figure, the log amplitude (top) and phase (bottom) of the ERG response fundamental was plotted against log temporal frequency, as per convention. The plotted amplitudes represent the peak-to-trough amplitudes of the response fundamental derived from the power spectral density. The phases were 'unwrapped' to extend beyond 360°and are plotted in cosine phase, as per convention.
The amplitude function for the control subjects (shaded region in the top panel of Fig. 2 , representing the normal range) showed a bandpass shape, with a peak at 32 Hz and robust responses extending to 96 Hz, consistent with previous results (Burns et al., 1992) . The phases of the fundamental responses of the control subjects (shaded region in the bottom panel of Fig. 2 , representing the normal range) also corresponded to those reported previously (Burns et al., 1992) . There was an increase in phase from 8 to 16 Hz, and then a systematic decrease in phase, corresponding to a phase lag, at the higher temporal frequencies.
The results for the individual patients with XLRS are indicated by the symbols in Fig. 2 . For the XLRS patients, the amplitude functions (top) tended to be less bandpass in shape than those for the control subjects. At the two lower temporal frequencies of 8 and 16 Hz, the fundamental amplitudes of the XLRS patients were within or above the limits of normal. At 32 Hz, two of the XLRS patients were within the normal limits, two were at the lower limit of normal, and two had subnormal amplitudes. At 64 and 96 Hz, however, all patients had fundamental amplitudes that were reduced below the lower limits of normal. For four of the patients (including no. 4, whose ERG responses were shown in Fig. 1 ), there were measurable though very small ERG amplitudes at 96 Hz. For two other patients (nos. 2 and 6), responses at 96 Hz were indistinguishable from noise. Post-hoc t-tests with a Bonferroni correction indicated that there were significant differences between the log amplitudes of the patients and controls at 32 Hz (t= 2.12, P B0.05), 64 Hz (t=5.99, PB 0.001), and 96 Hz (t=9.48, PB 0.001 (with results from patients 2 and 6 excluded)), but not at 8 Hz (t= 0.88, P= 0.38) or 16 Hz (t= 0.99, P=0.33) . This statistical analysis confirms that there was a selective attenuation of fundamental response amplitude at the higher temporal frequencies in these patients with XLRS.
The phases of the ERG fundamental responses of the XLRS patients are shown at the bottom of Fig. 2 . At 8 Hz, the patients' phases tended to be higher than normal, corresponding to a phase lead. However, the patients' phases tended to be at or below the lower limit of normal for all other frequencies. That is, the XLRS patients showed a phase lag at the higher temporal frequencies, even at a frequency of 16 Hz, despite the fact that the fundamental amplitude was within normal with a reduced amplitude of the first response peak in each cycle. A likely explanation for these abnormal waveform shapes is considered in Section 3.3. Fig. 2 summarizes the ERG response fundamentals of the control subjects and XLRS patients. In this limits for all XLRS patients at this frequency. Post-hoc t-tests with a Bonferroni correction indicated that there were significant differences between the phases of the XLRS patients and controls at 8 Hz (t =2.68, P B 0.05), 16 Hz (t= 4.73, PB 0.001), 32 Hz (t =5.50, P B 0.001), and 96 Hz (t =4.15, P B0.001 (with results from patients 2 and 6 excluded)), although not at 64 Hz (t =1.63, P=0.11).
The two carriers of XLRS had ERG responses that were within normal limits under all test conditions (data not shown). This finding is consistent with the normal visual function that has been reported previously for female carriers of this condition (The Retinoschisis Consortium, 1998).
Retinal locus of the ERG response attenuation and phase shift in XLRS patients
We next examined the probable retinal locus of the abnormal temporal filtering that is responsible for the reduction in ERG amplitude and phase lag in the flicker ERGs of the XLRS patients. It is unlikely that the ERG response deficits represent Mü ller cell dysfunction, because, as noted in Section 1, recent reports indicate that Mü ller cells make little direct contribution to the ERG response (e.g. Bush & Sieving, 1996; Karwoski & Xu, 1999) . One possibility, however, is that the reduced ERG amplitude and phase lag represent cone photoreceptor cell dysfunction, given that the XLRS1 gene is expressed in photoreceptor cells (Reid et al., 1999; Trump et al., 1999) and that there can be histologic evidence of cone photoreceptor cell degeneration in some patients with XLRS (Condon et al., 1986) . Alternatively, the abnormal temporal filtering could occur at the level of the bipolar cells, which make a major contribution to the cone flicker ERG (Bush & Sieving, 1996) .
It is possible to address the retinal locus of the abnormal temporal filtering by examining the properties of the nonlinear harmonic components of the ERG, as follows. Two sites of temporal filtering within the retina have been described for the ERG (Burns et al., 1992) , one occurring before, and one after, a site of a retinal nonlinearity that generates the harmonic components of the ERG response. Evidence indicates that this nonlinearity occurs early in visual processing, before the site of the convergence of signals from different classes of cones, which is likely to be at the photoreceptor-bipolar cell synapse (Chang, Burns & Kreitz, 1993) .
We investigated whether the temporal frequency deficits shown in Fig. 2 occur before or after this retinal nonlinearity by comparing two sets of ERG responses: (1) the amplitude and phase of the fundamental response at high stimulus frequencies (as shown in Fig.  2) ; and (2) the amplitude and phase of the high-frequency nonlinear components of the ERG response to a low stimulus frequency. An early site of abnormal temporal filtering would affect the response amplitude and phase of the XLRS patients at high stimulus frequencies, but not the amplitude and phase of the high-frequency nonlinear components at a low stimulus frequency. A temporal frequency deficit occurring at a site beyond the nonlinearity would affect both.
To test these possibilities, we derived the amplitudes and phases of the first six harmonics of the ERG response at a fundamental frequency of 8 Hz. The results are shown in Fig. 3 . The log amplitude of each harmonic component is shown at the top, and the phase at the bottom. Both are plotted against log temporal frequency. The control subjects (shaded region in Fig. 3 , top, representing the range) showed robust harmonics that became attenuated slightly in amplitude at the higher temporal frequencies. For the XLRS patients (symbols, top panel), however, the amplitudes of the harmonics became progressively more attenuated at the higher frequencies as compared to normal. The response harmonics became nondetectable for all XLRS patients at the 6th harmonic frequency (48 Hz). Post-hoc t-tests with a Bonferroni correction confirmed that, in addition to the marked attenuation at 48 Hz, there was also a significant difference between the log amplitudes of the two groups at 40 Hz (t = 5.64, P B0.001 (with results from patient 2 excluded)), but not at the lower harmonics of 8, 16, 24, and 32 Hz (t = 0.74, 0.65, 1.89 and 1.91; P = 0.46, 0.52, 0.07 and 0.07, respectively).
The phases of the harmonics of the control subjects (shaded region in the bottom panel of Fig. 3 , representing the range) increased between 8 and 16 Hz, then tended to remain constant at the higher frequencies. For the XLRS patients (symbols, bottom panel), the phase of the 8-Hz fundamental was more positive than normal, but the phases tended to be more negative than normal for all the higher harmonics, corresponding to a phase lag. This was confirmed by post-hoc t-tests with a Bonferroni correction. The XLRS patients showed a significant phase lag for the 2nd, 3rd, 4th and 5th harmonics (t=2.49, 3.36, 6.01 and 8.13, respectively; P B0.05), but there was no significant phase difference for the 8-Hz fundamental (t= 1.59, P = 0.12). According to this analysis, the amplitudes and phases of the harmonics of the patients' ERG responses to 8-Hz flicker (Fig. 3) showed properties similar to those seen for the response fundamental across frequencies (Fig.  2) . This finding indicates that both were subject to the same site of temporal filtering.
To test this conclusion further, we compared the relative amplitude reduction of the 4th harmonic of 8 Hz (i.e. 32 Hz) with the relative amplitude reduction of the fundamental response at 32 Hz for all subjects. In both cases, the amplitude at 32 Hz was divided by the fundamental amplitude at 8 Hz to compensate for any overall reduction in response amplitude between subjects. There was a statistically significant correlation between the two measures of amplitude with all subjects included in the analysis (r =0.85, P B 0.001). We also compared the relative phase shift of the 4th harmonic of 8 Hz with the relative phase shift of the 32-Hz fundamental for all subjects. Relative phase shift was defined as the difference between the phase of the respective response and the phase of the fundamental at 8 Hz, in order to compensate for overall phase shifts between subjects. There was a statistically significant correlation between these two measures of phase with all subjects included in the analysis (r= 0.91, P B 0.001).
The significant correlations for both amplitude and phase indicate that the ERG response at 32 Hz was affected in the same way whether it was the response to a sinusoidal stimulus at 32 Hz or the 32-Hz nonlinear harmonic of an 8-Hz sinusoidal stimulus. Therefore, by this analysis, the site of the ERG amplitude reduction and phase lag at high temporal frequencies of these patients with XLRS appears to lie after the retinal nonlinearity that generates the harmonic components of the ERG, thereby implicating bipolar cell dysfunction (Chang et al., 1993) .
ERG ON-response abnormality in XLRS patients
Further insight into the nature of the flicker ERG abnormality in XLRS can be gained by examining the response waveforms. As noted in Section 1, it is possible that at least part of the abnormal flicker ERG responses of the patients with XLRS might be related to a selectively reduced response to light onset. This is further suggested by the abnormal ERG waveforms of the XLRS patient shown in Fig. 1 . In this figure, the ERG responses of the control subject showed two positive peaks at 8 and 16 Hz. The first peak occurred in response to the increasing luminance of the sinusoidal stimulus ('ON response') and the second peak occurred in response to the decreasing luminance of the stimulus ('OFF response'). In comparison, the ERG waveform of the patient with XLRS had a markedly diminished ON response with a normal-appearing OFF response.
To confirm this quantitatively, we measured the amplitudes of the first and second positive response peaks of all subjects, at a temporal frequency of 8 Hz. The amplitude of the ON response was measured from the first trough to the first peak in each cycle. The amplitude of the OFF response was measured from the trough at the center of each cycle to the second peak (the OFF response was also measured from the initial negative trough to the second peak, with a similar conclusion). The results for the four cycles of each waveform were averaged.
By multiple t-tests with a Bonferroni correction, there was a statistically significant difference between the ON-response amplitudes of the XLRS patients and controls (t= 3.07, PB 0.01), but not between their OFF-response amplitudes (t= 0.60, P= 0.56). This analysis confirmed, then, that there was a predominant attenuation of the ERG ON response (i.e. response to increasing luminance) in these patients with XLRS, with a relative preservation of the OFF response (i.e. response to decreasing luminance), at a temporal frequency of 8 Hz.
To examine whether this was also the case at other temporal frequencies, we averaged the ERG responses of the patients and of the control subjects at 8, 16 and 32 Hz and superimposed the mean waveforms, as shown in Fig. 4 . In this figure, the waveforms were adjusted vertically so that the response minima for both patients and controls had the same value on average. The averaged ERG responses of the control subjects were non-sinusoidal at all three temporal frequencies, with two clear response peaks at 8 and 16 Hz, and one sharp response peak at 32 Hz, similar to the waveforms of the control subject shown in Fig. 1 . By comparison, the averaged ERG responses of the patients with XLRS showed a relative attenuation of the initial part of the ERG response at all three temporal frequencies. Based frequencies near 30 Hz (Kellner et al., 1990; Kellner & Foerster, 1993; Khan et al., 1999) and verify that not all XLRS patients show a reduced ERG response at this frequency (Kellner et al., 1990; Falsini et al., 1994) . More importantly, our results demonstrate that the ERG amplitude reduction is systematically greater at higher frequencies of stimulation. All six of our XLRS patients had a markedly reduced ERG amplitude at temporal frequencies higher than 32 Hz, which illustrates the potential usefulness of measuring ERG responses at temporal frequencies higher than those used traditionally.
Analysis of the harmonic components of the ERG responses indicated that at least part of the temporal frequency filtering responsible for the ERG abnormalities in XLRS is likely to occur at a postreceptoral locus, although some contribution from cone photoreceptor cells cannot be ruled out, particularly given the histologic evidence of cone photoreceptor involvement in later stages of XLRS (Condon et al., 1986) . Evidence for a postreceptoral locus is indicated by our observation that the higher harmonics of the ERG response to low frequency flicker were attenuated over the same frequency range as was the response fundamental (Fig.  3) . The loss of these higher harmonics is evident visually in the ERG responses of the XLRS patient shown in Fig. 1 . That is, the higher harmonics that shape the ERG responses of the control subject were attenuated in the patient with XLRS, resulting in waveforms that were more nearly sinusoidal in shape.
The high degree of correspondence between the attenuation of the higher response harmonics and the attenuation of the response fundamental argues that the temporal filtering that is responsible for the ERG amplitude reduction and phase lag in XLRS occurs after the site of the nonlinearity that generates the higher harmonics of the ERG response to sinusoidal stimulation. Current evidence indicates that this site is located early within the retinal pathway, before the point at which signals from different cone classes interact, which is likely to be the photoreceptor-bipolar cell synapse (Chang et al., 1993 ). Therefore, a major site of the abnormal temporal frequency filtering appears to lie at the level of the bipolar cells. Consistent with this interpretation is our observation that the amplitude attenuation and phase shift of the ERG of these XLRS patients was due, at least in part, to a predominant loss of the ERG ON response (Fig. 4) . This suggests that there is a greater effect of the XLRS disease process on the depolarizing or ON bipolar cells, which make a major contribution to the ERG response of the cone system to light onset (Sieving, 1994) .
In summary, we have demonstrated that patients with XLRS can have a marked attenuation of the flicker ERG response of the cone system at high temporal frequencies, and that this attenuation increases syson these results, we suggest that the reduced amplitude and delayed implicit time (phase lag) of the 30-Hz flicker ERG that have been reported previously in XLRS patients (Kellner et al., 1990; Kellner & Foerster, 1993; Khan et al., 1999) , and confirmed in the present study, are due, at least in part, to a relative reduction in an ERG ON response that normally shapes the peak of the waveform at this temporal frequency.
Discussion
We observed a significant attenuation of the ERG fundamental response amplitude and a significant phase lag at high temporal frequencies in this group of XLRS patients, using sinusoidal stimulation (Fig. 2) . The ERG amplitude reduction occurred at temporal frequencies of 32 Hz and higher, and was greatest at the highest frequency tested (96 Hz). The phase lag occurred for temporal frequencies of 16 Hz and higher. The amplitude reduction may be related to a previous report (Hirose et al., 1977) that there is a decrease in the critical flicker frequency (CFF) measured psychophysically in patients with XLRS at locations throughout the visual field.
Our results confirm previous reports of abnormalities in the flicker ERG of XLRS patients at temporal tematically with increasing temporal frequency. In addition, the flicker ERG shows a phase lag at temporal frequencies of 16 Hz and higher. Analysis of the harmonic components of the ERG indicated that the patients' temporal frequency deficits are likely to be postreceptoral in origin, at least in part. Consistent with this interpretation is our observation of a greater attenuation of the ERG ON-component than of the OFF-component in response to sinusoidal stimulation in patients with XLRS. Our results demonstrate that both spectral analysis and waveform analysis of the ERG can provide complementary yet interrelated sources of information about retinal disease processes. Finally, our findings show that the use of higher flicker rates than are traditionally employed in ERG recordings can be helpful in identifying and understanding temporal processing deficits in retinal diseases.
